This study uses nonequilibrium molecular dynamics simulation to explore the rheology of confined liquid alkanes. Two alkanes that differ in molecular structural complexity are examined: tetracosane (C 24 H 50 ͒, which is a linear alkane, and squalane (C 30 H 62 ͒, which has six symmetrically placed methyl branches along a 24 carbon backbone. These model lubricants are confined between model walls that have short chains tethered to them, thus screening the wall details. This paper, the third of a three part series, compares the viscosities of the confined fluids to those of the bulk fluids. The alkanes are described by a well-documented potential model that has been shown to reproduce bulk experimental viscosity and phase equilibria measurements. Details of the simulation method, and structural information can be found in the preceding two papers of this series. The measured strain rates in these simulations range between 10 8 and 10 11 s Ϫ1 , which is typical of a number of practical applications. The confined fluids undergo extensive shear thinning, showing a power-law behavior.
I. INTRODUCTION
Although the rheology of ultra-thin fluid films is commanding attention in research fields ranging from basic physics to industrial production, considerable work remains to be done in trying to understand the molecular level behavior of long chain, ultra-thin fluid systems. Much of the previous work with long chain systems has been restricted to experimental studies [1] [2] [3] [4] because of the enormous computational demands for these systems. The majority of simulations represent chain molecules using the bead-spring model, [5] [6] [7] [8] which assumes fully flexible chains.
This work analyzes the shear response of model lubricants using molecular dynamics simulations. The molecules examined are tetracosane (C 24 H 50 ͒ and squalane (C 30 H 62 ͒. They have the same backbone length, but squalane has six symmetrically placed methyl branches along the backbone. The two preceding papers of this series 9, 10 respectively provide details of the simulation method and slip at the walls, and results that describe the structural characteristics of these confined fluids. A realistic potential model is used to represent the molecules. This model has been used previously 11, 12 to successfully predict the liquid-vapor coexistence curves for alkanes, and has also been shown to give viscosities in good agreement with experimentally measured values. 13 This agreement indicates the validity of the molecular model. The alkanes are confined between walls which are screened from the fluid by short chains (C 4 H 10 ͒ tethered to the wall. Shear flow is generated by moving the walls in opposite directions, and heat produced by viscous dissipation is removed by thermostatting the first two atoms ͑near the walls͒, which allows for a temperature profile between the walls. For the wall spacings considered, the lack of stiffness in the bead-spring model used in most prior simulations could be a source of unphysical results, since at these wall spacings, linear molecules have a tendency to stretch and assume extended configurations. In the second paper of this series 10 we presented results which indicate the formation of fully extended ͑FE͒ chains along the shear direction in the case of tetracosane. This behavior occurs only at relatively low wall velocities when the wall spacing is an integral multiple of the molecular diameter. The bead-spring models can assume fully extended configurations far more easily than detailed alkane models. However, because of the very short persistence lengths ͓ϷO()͔, bead-spring chains can just as easily assume compact configurations when the wall spacing is small. On the other hand, persistence lengths for the alkanes studied are comparable to the wall spacings. This paper presents results for the calculated viscosities, and compares the confined fluid viscosities to the bulk values. The bulk fluid simulations are performed at the same a͒ Author to whom correspondence should be addressed.
conditions as those that exist in the confined geometry, i.e., at the same temperature and strain rate. The density used for the bulk simulations is the fluid density calculated at the center of a geometry where the walls are widely spaced. The value so obtained agrees quite well with the average density in the central region of a narrower confinement. A limited number of simulations have also been performed where the calculated fluid pressures for the bulk are the same as those for the confined fluid. We show that at high strain rates (10 8 -10 11 s Ϫ1 ) typical of a number of practical applications, there is little or no difference between the viscosities of the confined and bulk fluids, which is not unexpected because the high strain rates align the molecules in the shear direction. Our results contrast with experimental observations at much lower strain rates (10-10 5 s Ϫ1 ) which indicate the effective viscosities of thin films to be orders of magnitude larger than the bulk values. 4 Prior molecular dynamics ͑MD͒ simulations using the fully flexible bead-spring model, 5, 6 which are performed at much higher strain rates, attribute the observed rise in viscosities to a glass transition. However, as was noted in the first paper of this series, 9 the qualitative agreement between the bead-spring simulations and experiments results from the very low temperatures in the simulations. 14 The first paper of this series 9 showed the presence of a high degree of interfacial slip for the alkanes examined. The actual strain rate is determined from a linear fit to the velocity profile. Note that, just as is the case in experiments, heat flows from the fluid to the boundary where it is removed by a Nosé thermostat. Section II A briefly discusses calculated fluid temperatures, and Section II B presents the viscosity results.
II. RESULTS AND DISCUSSION
All magnitudes are presented in reduced units ͑length is reduced with CH 2 ϭ3.93 Å, energy with ⑀ CH 2 /kϭ47 K and the mass with m CH 2 ϭ14 amu͒ unless otherwise stated. In the following discussion, temperature of the wall (T wall ) is taken to mean the temperature at which the first two atoms of the tethered chains are thermostatted, which is 300 K unless otherwise stated. The temperature of the fluid is referred to as T f luid .
A. Temperature profiles
When a fluid is sheared, viscous dissipation causes the fluid temperature to rise. This rise in temperature is roughly proportional to the wall velocity and the density ͑or pressure͒. The temperature profile between the walls is determined by dividing the gap into bins of equal width and block averaging over blocks of 20 000 time steps each. The temperatures are calculated from the peculiar momenta, i.e., the momenta measured with respect to the streaming velocity of the fluid. Figure 1 depicts typical results showing the overall temperature profiles for squalane and tetracosane at a relatively high wall velocity and under conditions of identical normal pressures ( P yy ). As is the case for all the state points examined, two observations stand out in this figure: ͑i͒ the temperature of the core fluid is almost constant across the width, and ͑ii͒ viscous dissipation for squalane is higher in comparison to that for tetracosane. Corresponding to the inefficient momentum transfer across the interface between the free fluid and the tethered C 4 chains, heat transfer is also very inefficient. On the other hand, heat exchange among the fluid molecules is quite effective. The observed constant temperature across the fluid is contrary to the parabolic profiles calculated by Khare et al. 15 in their bead-spring simulations of chains, which are at much lower densities than those used in our simulations (ϳ0.8 g/cm 3 ). The temperatures in the simulations by Khare et al. apparently are not very different from those in our simulations, so the source of the difference between the parabolic profiles observed by Khare et al. and the profiles reported here is unclear. We can only speculate that the parabolic temperature profiles arise because of the low bead densities, suggesting the resistance to heat transfer in the fluid being the limiting factor, but have not confirmed this. The Navier-Stokes equations predict a parabolic profile for homogeneous, isotropic fluids, but we have already shown that these narrowly confined fluids are neither homogeneous nor isotropic. We speculate that, because of the existence of a plane of slip near the wall, neither momentum transfer nor heat transfer is efficient across this plane. A consequence of this is that the temperature profile between the slip planes would be nearly flat ͑we suspect an almost flat parabolic profile͒ because almost all of the resistance to heat transfer is across the slip planes. In addition, the parabolic Navier-Stokes profile results from fluid dynamics in the linear ͑Newtonian͒ regime; the effects of non-linear hydrodynamics would be expected to be more complicated. The higher viscous dissipation for squalane under the same conditions of wall velocity and pressure suggests that the presence of side branches in squalane leads to a larger resistance to the relative motion of the molecules, as might be expected. It is worthwhile to note that at the state points examined, viscous dissipation for these alkanes is significant only at the highest strain rates reported in this study. When the strain rate is low, the temperature rise is also minimal. 
B. Viscosity: Comparison between confined and bulk rheology
In a nonequilibrium molecular dynamics ͑NEMD͒ calculation, the strain-rate dependent viscosity is determined from the constitutive relation
where ͗P yx ͘ is the average of the yx component of the pressure tensor P, and ␥ is the strain rate characterizing the shear field. The x direction is the flow direction and the y direction is the flow gradient direction, so that ␥ϭ‫ץ‬v x /‫ץ‬y, where v x is the streaming velocity in the x direction. As mentioned in the first paper of this series 9 , we use the method of planes to calculate the shear stress ͗P yx ͘. We find ͗P yx ͘ to be uniform across the fluid in the confinement. Furthermore, we obtain very good agreement between the values of ͗P yx ͘ calculated from the average friction force between the fluid and the tethered chains per unit of surface area, and from the average heat dissipated by the thermostat per unit time.
9 Figure 3 shows the viscosities of squalane at a nominally high density ͑the density in the center is center Ϸ0.82 g/cm 3 ) and compares them to the bulk fluid values. The fluid undergoes shear thinning, implying considerable distortion of the dynamic structure. The bulk viscosities are calculated at the same strain rates and temperatures as for the confined simulations ͑the temperature of the confined fluid is within 2% across the gap͒. Over the range of strain rates examined, the confined viscosity is identical to the bulk viscosity, which is expected from the observed similar alignment angles ͑see Figure 15 in the second paper of this series 10 ͒ for the two systems. The slight discrepancy seen at the lower strain rates has been determined to be due to the differences between the calculated confined and bulk pressures; note the data point denoted by the solid triangle in Figure 3 , which is at the same pressure as the corresponding confined result. It must be pointed out that the results shown at various strain rates are all at different fluid temperatures ͑at the higher strain rates, there is significant viscous dissipation, which is negligible at the low strain rates in SFA experiments͒. However, heat is removed through the walls as in real systems; in our simulations only the first two atoms of the tethered C 4 molecules are thermostatted at 300 K. Figure 3 also shows the viscosity of confined squalane for a smaller wall spacing (wϭ6.7) and at the same number density as for the wider spacing. The site density profiles indicate 3 and 5 layers respectively. For the two wall spacings, however, the strain rate dependent viscosities appear to coincide. The results in Figure 3 suggest that at high strain rates the rheological behavior of the confined squalane fluid ͑regardless of wall spacing͒ is the same as that of the bulk fluid at the same temperature and pressure. One might expect to obtain this situation in actual lubrication applications, but, of course, there is no way presently to test this expectation. Concerning the structure of the molecules, analyses of the simulation results indicate that the molecules are somewhat coiled with a longest semi-axis of approximately 1.2 nm ͑see Figure 12 of the second paper of this series 10 ͒. Reiter et al. 16 in their SFA experiments with squalane speculate that the molecules have a rather globular shape with a diameter of about 1.0 nm. Results obtained at a constant higher core fluid temperature (TϷ500 K͒ are also shown in Figure 3 ͑the lower curve͒. The data suggest the high temperature behavior is close to Newtonian even at the highest strain rates examined. These data have been calculated by adjusting the value of the wall temperature to a different value at each strain rate in order to obtain the same core fluid temperature ͑at this high temperature, the pressure normal to the walls is also determined to be nearly the same at all strain rates͒. Thus these data points are essentially isothermal. Furthermore, our results indicate that at these higher temperatures there is little effect of small changes in temperature, both on the resulting strain rate as well as on the viscosity. For example, when v wall ϭ0.25, we obtain the following results for the strain rate and viscosity: ͑i͒ for T wall ϭ410 K: T f luid ϭ484 K, ␥ϭ0.032, and ϭ1.97Ϯ0.05 cP, and ͑ii͒ for T wall ϭ450 K: T f luid ϭ513 K, ␥ϭ0.031, and ϭ1.95Ϯ0.04 cP. The difference in temperatures of the fluid in these two cases is almost 30 K, but the viscosities are identical. Without correcting for the change in temperature with ␥, the rate of shear thinning of the confined fluid follows an empirical power law, ϰ␥ Ϫ0.68 ͑note the dashed line in Figure 3͒ . We expect to see such exponents in actual lubrication applications. The exponent is similar to results from experiments on shorter linear alkanes. 4, 17 These experiments report exponents in the range Ϫ0.45 to Ϫ0.7, albeit at lower strain rates, with the onset of nonlinear response occurring between 10Ϫ100 s Ϫ1 . In order to determine the viscosity of the confined fluid at high strain rates, but at room temperature, we have performed additional simulations where we also thermostat ͑300 K͒ the confined fluid to remove heat generated by viscous dissipation. Figure 4 shows the calculated viscosities as a function of the strain rate. The rate of shear thinning follows a power law, ϰ␥ Ϫ0.60 , which is not very different from the power law in Figure 3 (ϰ␥ Ϫ0.68 ). This similarity suggests that at high densities, once there is an appearance of a degree of ordering due to the flow field or due to the walls, the effect of the temperature on the power law exponent is limited.
Simulations at higher densities result in higher calculated pressures. Figure 5 shows the viscosities for squalane at one such high density ( center Ϸ0.86 g/cm 3 ). The resulting pressures range between 230 and 570 MPa while the temperatures range between 333 and 700 K. These pressures are typical of those that lubricants and drilling fluids endure, and in elastohydrodynamic applications, pressures can rise to GPa values and temperatures up to 520 K have been recorded. [18] [19] [20] Note that the absolute value of the power-law exponent (ϰ␥ Ϫ0.73 ) is marginally higher than the earlier result at a slightly lower density. Simulations at lower densities than that in Figure 3 show decreasing power-law exponents for the nonlinear regime. Hu et al. 4 report a similar observation from experiments with dodecane: i.e., the power-law exponent (ϰ␥
) increases modestly in absolute value with increasing pressure. Figure 6 shows the shear viscosities calculated for two systems at lower densities. In both cases, just as for the simulations in Figure 3 , the density profile shows five layers. For the first system, wϭ9.75 and center Ϸ0.79 g/cm 3 , and the calculated power-law exponent is Ϫ0.64. For the second system, wϭ10.0 and center Ϸ0.75 g/cm 3 ; the exponent for the nonlinear regime is Ϫ0.54 and there also appears to be an onset of Newtonian behavior. A single data point ͑open triangle͒ is also shown for the viscosity of the bulk fluid at the same pressure as the corresponding confined fluid.
We also observe that small changes in the wall spacing do not cause any noticeable changes in the rheological behavior. Figure 7 shows the calculated viscosities for four different wall spacings ranging from wϭ5.7 to 7.6, and results are depicted for two wall velocities. In performing these simulations we have attempted to obtain, with limited success, similar values for the calculated pressures and temperatures for each set of data points. Furthermore, at wϭ5.7 we barely have two layers of fluid with a core velocity profile that appears to be rather curved than linear. Note, however, that the general behavior of the fluid remains the same, i.e., the viscosity lies approximately along the same curve, irrespective of the wall spacing.
The differences between the rheological behavior of tetracosane and squalane mainly stem from the side branches in squalane leading to differences in the slip behavior, the chain conformations, and chain packing. Furthermore, when the wall spacing is such that it can accommodate an integral number of molecular diameters, then at low velocities tetracosane forms very well defined layers and there is an absence of a distinct velocity profile. Figure 8 compares the viscosities of tetracosane and squalane at a wall spacing of wϭ9. 25 . Note that this wall spacing allows the formation of five fully extended ͑FE͒ layers of tetracosane, and at v wall р0.05 (␥Ͻ0.02) there is an absence of a clear velocity profile. The calculated values of P yy for the pairs of corresponding (C 30 and C 24 ) data points are virtually identical, however the temperatures are about 30 K lower for tetracosane in each case. Note that the viscosities for tetracosane are lower than for squalane. Since P yy is the same, clearly the frictional effects of the side branches significantly affect the behavior of the fluid by affecting slip as well as by hindering the packing of chains into extended configurations. Both the heat transfer and the momentum transfer are better for tetracosane at the interface between the free fluid and the tethered chains than for squalane. Figure 8 also shows the calculated viscosities at a higher temperature (TϷ470 K͒. Just as for squalane, these simulations have been performed by adjusting T wall , and the results too are isobaric ͑note that the pressure is higher than for the T wall ϭ300 K case͒. Again there is a transition to the Newtonian regime at a relatively higher strain rate.
Simulation results for tetracosane at a lower density are shown in Figure 9 . The wall spacing wϭ9.75 and center ϭ0.75 g/cm 3 , while the calculated temperatures of the fluid range between 300 and 580 K. Also shown in the figure are the calculated bulk viscosities at selected strain rates. The bulk viscosities are calculated at the same conditions of temperature and pressure as for the confined fluid. Clearly there is no difference between the two viscosities ͑note that at this wall spacing the chains do not assume fully extended ''FE'' conformations even at low velocities͒.
In the second paper of this study, 10 we noted that tetracosane forms FE layers at low velocities for wϭ8.03, 8.19, and 9.25, while no FE layering is observed for wϭ8.6. Figure 10 compares the viscosities calculated for these four wall spacings at v wall ϭ0.5, i.e., at ␥Ϸ0.1; the densities are nominally high ( center Ϸ0.82 g/cm 3 ). The calculated viscosity at v wall ϭ0.01 (␥Ϸ0.002) is also shown for the wϭ8.6 case, while for the three other wall spacings there is no distinct velocity profile at such low velocities. Interestingly, we also observe that upon lowering the overall density of chains for wϭ8.03 there is no FE layering; the corresponding viscosities are also shown in Figure 10 . It should be pointed out that SFA experiments are conducted at velocities much lower than in our simulations, and it is reasonable to speculate the formation of such FE layers since the top wall is free to move under constant load. For a clean solid surface, this layering would make it very difficult to move the plates past each other, akin to the situation depicted schematically in Figure 11 for a simple fluid 21 . In other words the measured viscosity would be very large. The same could be true for a solid surface that is densely covered by chains such as the ones in this study, as long as the surface allows for the formation of such layers.
Finally, we have also tested to see what effect, if any, the use of longer tethered chains has on the rheological behavior of confined tetracosane. Figure 12 shows results at moderate densities ( center Ϸ0.75 g/cm 3 ) obtained with (C 8 H 18 ͒ chains tethered to the wall. As in most simulations, the temperature of the first two atoms is set to 300 K. The results are compared to the data shown previously in Figure 9 with C 4 tethered chains; the data indicate similar viscosities ͑the calculated values of P yy are slightly higher for the C 8 H 18 case͒.
III. CONCLUDING REMARKS
The aim of this work was to measure the rheological properties of confined fluids under various conditions with the expectation that the results would provide new molecular-level insights into the behavior of differently structured molecules between shearing surfaces. Such information should enhance our understanding of friction, lubrication, rheology, and other tribological mechanisms at the molecular level. These areas are of particular concern for producing low friction surfaces, designing better lubricants, reducing head-disc interactions in computers, among other applications.
In light of our simulation results, in the discussion that follows, we provide speculations for some of the experimental observations with the surface force apparatus ͑SFA͒. However, in comparing our simulation results with experiments, two important distinctions should be borne in mind: ͑i͒ most SFA experiments are performed under oscillatory shear, while our simulations are under steady shear, and ͑ii͒ SFA experiments use atomically smooth walls, whereas we have used walls with short tethered chains ͑this approach we believe may be amenable to experiment͒. Nonetheless, we do not expect our results to be affected significantly by using walls with no chains attached, because we use short chains and relatively densely covered surfaces. The degree of interfacial slip would be primarily affected by a change in the boundary conditions. It should also be mentioned that even though we use steady shear in our simulations, the wall displacement during a typical simulation is comparable to the deflection amplitudes in SFA oscillatory shearing experiments.
We have reported results from NEMD simulations of squalane and tetracosane which use a molecular model that is expected to yield quantitative results for the viscosity that agree very well with experimentally measured values, as is indicated by recent results from simulations of squalane in the bulk fluid 13 . The results of our simulations indicate that, for the conditions examined, there is no difference between the bulk and confined viscosities for these alkanes. In making the comparison, we have carefully accounted for slip at the wall, and have performed simulations of the bulk fluid at the same conditions of strain rate, temperature, and density ͑pressure͒ as for the corresponding confined fluid. The strain rates in these simulations range between 10 8 and 10 11 s Ϫ1 , which are high enough to cause the molecules to align with the flow direction, both for the bulk and confined systems. 10 This equality of the viscosities is in stark contrast to experimental observations at much lower strain rates, where it has been noted that the effective viscosities of thin films rise orders of magnitude above the bulk value. 4, 17 In performing these simulations, we have attempted to mimic real systems by not thermostatting the entire fluid; rather we have thermostatted only the two atoms of the tethered chains that are closest to the wall. Our results agree with the simulations by Padilla and Toxvaerd 23 which examine the shear behavior of smaller alkanes confined between model walls with some ''texture.'' For most of the simulations reported by Padilla and Toxvaerd, a Nosé -Hoover thermostat is used to set the temperature of the entire confined fluid. Nevertheless, for the range of strain rates examined, the authors note a high degree of slip at the wall. The resulting viscosities of the confined fluids are Newtonian ͑i.e., no significant shear thinning is observed for the state points studied͒ and of the same order as for the corresponding bulk fluids.
We note that there is significant viscous dissipation only at the highest strain rates examined, and the dissipation is marginally higher for squalane than for tetracosane. We have measured shear-thinning power-law exponents that are similar to those reported in experiments, 4 and have found the exponent to increase modestly in absolute value with increasing density ͑in their experiments with dodecane, Hu et al. 4 note a modest increase with increasing net normal pressure͒. These results suggest that confined flow SFA experiments may yield a useful, perhaps even quantitative, model of practical lubrication applications because the SFA experiments impose a similar structure on the fluid yielding similar power law rheological behavior as in lubrication but at experimentally accessible strain rates. However, proper interpretation of the SFA experiments will require careful accounting for possible slip at the wall.
As to why the experimentally measured viscosities are orders of magnitude greater than the bulk value, it is suggested to be related to the configurations adopted by the chains. We noted in the second paper of this study 10 the formation of fully extended chain conformations for the linear alkane. From our observations it appears reasonable to speculate that in simulations of linear alkanes at a constant normal pressure ͑where the top wall is free to move͒, the wall spacing would automatically adjust so as to accommodate an integral number of layers of fully extended chains. Under such conditions, as is depicted schematically in Figure  11 , at startup of motion or at low plate velocities, the confined film would offer a very large resistance to any relative motion of the walls. It should be pointed out that the closeness of the walls in the SFA forces the confined liquid into high density configurations because of the efficient packing of elongated chains. Even though our simulations are conducted at much higher strain rates, it is suggested that at high densities the power-law behavior may continue on into the experimental range of strain rates, while the bulk results at the same density would show a transition to Newtonian behavior at relatively higher strain rates. We hope to obtain greater insight into some of our results from simulations conducted at constant pressure, which are currently underway. Note that all our simulations use a potential model that has been shown to predict viscosities in good agreement with experimentally measured values. 13 In contrast to reported results from bead-spring simulations by Thompson et al., 5, 6 we do not see any evidence of a glass transition, even though the wall induces the packing of fully extended tetracosane molecules into very well defined layers. The bead-spring simulations have been performed at similar strain rates to our simulations, however, the temperatures appear to be markedly lower than 300 K. The density profiles reported for the bead-spring simulations do not show the pronounced layering that we observe. On the contrary, the molecules reportedly collapse into compact configurations. Wang et al. 24 in their equilibrium simulation of noctane using a model similar to the one used in our study, also report the films retaining diffusive and conformational properties resembling a liquid even though strong layering in the films is observed. Experimental studies on squalane by Reiter et al. 25 show that molecular thin liquid films of alkanes in the elastic rest state are very different from solids in the bulk; they are much weaker and more deformable than a molecular crystal or glass, which is in contrast to the beadspring simulation results. They also note that the similar response of monolayers strongly attached to the solid surfaces, presenting a well-defined interface for sliding, suggests that the physical mechanism of sliding may involve wall slip. We do observe a high degree of slip, as was noted in the first paper of this study. 9 Finally, we would like to note that it has long been speculated that at low shear rates, a collective ͑rather than a single-particle͒ relaxation time controls the onset of shearthinning behavior and determines the magnitude of the viscosity in a confined system. 4, 14, 26 Our results at low wall velocities indicate that when tetracosane forms well-defined layers, there is no clear-cut velocity profile in the fluid. 9 These results are obtained from simulations of about 20 ns in length. For the film in question, an interesting occurrence is observed over the entire length of the simulation in that the motion of the layered ͑fully extended͒ molecules appears to be unified. 27 Virtually all of the velocity difference between the two walls manifests itself as slip between the tethered chains and the free fluid, and the bulk of the free fluid moves collectively with small, random back and forth perturbations. Whether this motion is indicative of a collective phenomenon, though, still remains speculative. However, as Demirel and Granick 28 note, ''the resulting dynamics of these ultrathin films can be seductively complex.''
IV. IMPLICATIONS OF OUR RESULTS
In this section we attempt to reconcile the results of our simulations using an accurate potential model with the prior results of simulations using a bead-spring potential model and with the results of experiments using the surface force apparatus. The natural framework for such a discussion would involve the principles of time-temperature superposition since the different cases involve different temperatures and strain rates.
Time-Temperature Superposition. We have attempted to test the validity of the concepts of time-temperature superposition on our data for these confined alkanes. However, we have been unable to perform a quantitative analysis of our data using time-temperature principles. Note that our simulations are at a wide variety of conditions that were not selected for such an analysis. Furthermore, it is quite possible that these confined fluids at high densities might not be amenable to such an analysis in a straightforward manner, because of the strong influence of the confining walls on the resulting fluid structure. In particular, this would be the case for linear alkanes, where the molecular structure depends critically on the wall spacing.
Nonetheless, it is straightforward to apply the principles of time-temperature superposition to results from a controlled set of simulations of the bulk fluid. Such an analysis could provide a useful framework within which to compare results at different conditions. An increase in temperature accelerates molecular and segmental motion, bringing the system more rapidly to equilibrium and accelerating the viscous response. A convenient way of formulating this effect of temperature would be in terms of the ratio a T of the time constant ͑relaxation time͒ for rotational motion at temperature T to its value 0 at a convenient reference temperature T 0 . 29 Time and temperature affect the viscous response through the product of a T and actual time, and a T is called a shift factor. An alternative definition of the shift factor is given by 30 a T ϭ
where is the density at temperature T, and 0 , the density at T 0 . In order to obtain a master curve for the viscosity function at an arbitrary reference temperature T 0 from plots of log versus log ␥ for a variety of temperatures T, we follow a two step procedure: ͑1͒ the curve at temperature T is first shifted vertically upward by an amount log͓ 0 (T 0 )/ 0 (T)͔ and ͑2͒ the resulting curve is then shifted horizontally in such a way that any overlapping regions of the T 0 curve and shifted T curve superpose. Thus log a T is the amount by which (␥,T) must be translated horizontally in order to achieve superposition. As is true for much longer chains, the method of reduced variables should predict a single master curve by plotting reduced viscosity r vs reduced strain rate ␥ r where these are defined by
Such a curve could then be used to obtain viscosity predictions for these molecules at a variety of conditions from a much smaller set of simulations or results. Figure 13 shows the results from such an analysis applied to limited data for the bulk viscosity of squalane. The viscosities have been calculated from constant NVT simulations at three different temperatures. The state points examined correspond to the density of squalane at atmospheric pressure. We choose a reference temperature of T 0 ϭ311 K. These preliminary results suggest that, except at very high strain rates, the ''method of reduced variables'' may work quite well for these medium-sized alkanes. Thus, by performing simulations at high temperatures and relatively high strain rates, one may be able to predict the low temperature/low strain rate behavior. In the relaxation of liquids, a nonlinear viscous response sets in when the experimental time scale is less than a char- acteristic time scale for molecular motion. The onset of nonlinear response ͑the critical strain rate͒ is estimated by extrapolating the linear and power-law zones until they cross. Note that the temperatures in our simulations and in experiments are near or above room temperature, and are much higher than the temperatures in prior bead-spring simulations. 5, 6 For the bead-spring model, the inability of the chains to crystallize enables one to perform the simulations at very low temperatures, and the corresponding state points have relatively large bulk viscosities. At the lowest strain rates examined in these bead-spring simulations, the viscosity of the confined fluid apparently increases by a factor of about 10 above the bulk value. In contrast, our results indicate that the viscosities for the confined and bulk fluids are identical at strain rates similar to those in the bead-spring simulations. The increase in viscosity noted in the beadspring simulations implies that the longest system relaxation time of the confined fluid is roughly 10 times the bulk value. Stevens et al.
14 report that the confined value corresponds to a relaxation time of 200 in reduced units. The corresponding critical strain rate is ␥ c ϭ1/200, which is approximately the value reported in the simulations. The apparent increase in the confined viscosities even at these high strain rates is only because of the low temperatures, and as a result of timetemperature scaling, the critical strain rate for the transition to Newtonian behavior is shifted to a lower value.
Hu et al. 4 in their SFA experiments on dodecane conclude that nonlinear response sets in at ␥ c Ͼ20 s Ϫ1 , which implies that the longest system relaxation time is of the order of 10 Ϫ2 s Ϫ1 . This pattern of behavior -linear response followed by extensive shear thinning -is observed for a number of film thicknesses and net normal pressures. As the pressure is increased, the Newtonian viscosity increases with a corresponding decrease in ␥ c , i.e., apparent divergence of the relaxation time. Note that the measured viscosities are about 10 4 times the bulk value, and bulk relaxation times are of the order of 10 Ϫ10 s. If one were to apply arguments as above for the bead-spring simulations, one would determine a critical strain rate of about 10 6 s Ϫ1 , much larger than the observed value. Stevens et al. 14 note that this inconsistency may suggest a collective relaxation time as determining the onset of shear thinning. Nonetheless, based on the similar power-law exponents in experiments and in our simulations, one may speculate that the experimentally measured shear thinning may continue well into the range of our simulations, i.e., the scaling of the viscosity remains unchanged as one goes to very high strain rates. Finally, at the highest strain rates when viscous dissipation becomes significant, the distribution of configurations of the linear alkanes changes from one where the chains are mostly fully extended to one with a range of chain extensions, resulting in bulk-like behavior.
